Two methods for micro-structuring of transparent dielectric were compared in this study: the two-beam interferometric laser-induced backside wet etching (TWIN-LIBWE) and the two beam interferometric ablation by ultrashort laser pulses. In TWIN-LIBWE we used the 4 th harmonic of Nd:YAG laser (λ=266 nm, τ FWHM =8 ns, fuence: 265-500 mJ/cm 2 ), while a Ti:Sapphire-based femtosecond system (λ=800 nm, τ FWHM =30 fs, pulse energy: 600-900 µJ) was used for direct ablation.
Introduction
The microstructured transparent materials have many application possibilities in optics, laser physics and biosensing [1] [2] [3] .
The transparent dielectric materials can be microstructured by conventional, masking-based techniques (multistep methods): chemical (hidrofluidic) etching [4] , powder blasting [5] [6] and ion etching technologies (inductively coupled plasma etching -ICP [7] and reactive ion etching -RIE [8] ). Hidrofluidic etching and powder blasting have limited resolution (some ten micrometer) and the machined surface is not smooth enough for special applications. RIE can reach submicron resolution and high quality, smooth processed surface, but it is a very complicated and expensive multistep procedure.
The laser based techniques could provide good alternative for structuring of transparent materials, but the transparency of target material cause difficulties, since the effective material removal is not trivial, due to the low absorption coefficient of targets. The laser-based techniques can be divided into direct and indirect techniques. In the direct methods infrared and far ultraviolet lasers (CO 2 [9] , F 2 [10] [11] ), soft X-ray beam [12] and femtosecond pulses [11, [13] [14] can be used for etching. Although the CO 2 laser is applied in industrial environments, but the reachable resolution is some ten micrometer (due to its long wavelength (10.6 μm) and thermal based material removal), which is not sufficient for microoptical applications. However, the other direct methods (F 2 laser and soft X-ray) provides good quality, they are too complicated at present for real industrial applications. The nanosecond UV lasers would be suitable for micromachining of UV-transparent materials, but the effectiveness and the surface quality is rather low. The ultrashort laser pulses provide promising results in materials structuring.
The indirect laser-based methods, the laser-induced backside wet/dry etching -LIBWE/LIBDE [15] [16] [17] [18] [19] [20] [21] [22] [23] , laser etching at a surface adsorbed layer -LESAL [24] and laser induced plasma assisted ablation -LIPAA [25] are mainly based on UV (excimer) lasers, which has already proved its suitability in industrial environments and provide the sufficient resolution.
In this study our aim was to compare the most flexible and promising indirect technique, the laser-induced backside wet etching (LIBWE), and the ultrashort pulse ablation. We produced 1 µm period grating structures by these techniques in two-beam interferometric arrangement into different transparent bulk and thin film materials. The laser parameters were optimized in each setup and method, and the morphology of the best quality grating was compared.
Experimental
In our first experiment series a Q-switched, frequency- [16, 19] .
Fig. 1 Scheme of nanosecond laser-based TWIN-LIBWE setup
The coherence length of the laser was measured to be ≈15 mm. The equal beam path was adjusted by the delay stage with maximizing the modulation depth of the produced grating. The applied laser fluence was varied between 230 and 550 mJ/cm 2 , while the number of laser pulses was up to 150 pulses. The irradiated spot diameter was approx. 0.5 mm.
In the second experiment sequence a Ti:Sapphire-based ultrashort laser system (λ=800 nm; τFWHM=30 fs, repetition rate: 200 Hz) was used in also two-beam interferometric arrangement. The chirped pulses of Rainbow CEP4 type (Femtolasers) oscillator was amplified in a single stage by a multipass Ti:Sapphire amplifier. The energy of compressed pulses was 600-900 µJ, and the beam diameter was 5 mm. In order to increase the fluence of the interfering beams to the desired level, both beams were focused to the target ( Fig.2 ) by silver coated spherical mirrors (f=250 mm). The diameter of the irradiated spot during the ablation was below 100 µm, in all cases. The temporal overlapping of the interfering pulses was set by the observation of nonlinear effect induced in the target. The interfering beams were again s-polarized, the incident angle was θ=23.58
o on the front side of target resulted in 1 µm period gratings, similar to nanosecond case.
The targets were bulk transparent dielectrics and thin films for the comparison of two techniques. Fused silica, sapphire and glass targets were used as bulk target having dimension of 25 mm X 25 mm with thickness of 1 mm. The thin film targets were Al 2 O 3 , Y 2 O 3 , HfO 2 and ZrO 2 deposited on fused silica substrates.
The morphology of the gratings was studied by a PSIA XE-100 atomic force microscope (AFM) in non-contact mode. Additionally, a Dektak 8 profilometer was applied to help to decide if the grating is solely produced in the dielectric film. We focused only on those structures which etched into the films only, leaving the substrate unmodified under them.
Results and discussion
We optimized the laser parameters (laser fluence and number of pulses) for each material in both experimental setups. Only the optimal (grooves are solely in films), best quality gratings are shown in this study. The optimizing method was same as presented in our previous study [26] .
Bulk targets
The fused silica grating fabrication by TWIN-LIBWE method was well-studied and described topic [1, [27] [28] [29] [30] . For an example a high quality grating produced by TWIN-LIBWE can be seen in Fig. 3a . The optimal laser fluence is between the threshold and the double of etching threshold, while the pulse number can be varied up to 100 pulses, depending on the demanded modulation depth. In the femtosecond direct ablation case of fused silica the gratings contain some debris-like formation (Fig. 3b) , and the groves are not so regular than at nanosecond laser based TWIN-LIBWE arrangement. Using more than 10 pulses the ablated hole became a few micrometers deep in this arrangement, and the grating quality gradually decreases with increasing pulse quantity.
The sapphire is also an important UV transparent material, which was also microstructured by our methods. The grating quality is similar for both methods, and the modulation depths (MD) are in same magnitude (MD ns =50 nm; MD fs =30 nm) (Fig. 4) . The grooves are not as regular as in the case of fused silica, and the reachable MD is significantly lower as well. This behavior is probably correlated with the different material properties (thermal, mechanical and optical parameters) of sapphire and fused silica. For example the heat diffusion lengths ( τ
= , where D is heat diffusivity, and τ is laser beam dwell time [31] ) of sapphire for nanosecond pulses is four times higher than of fused silica (L fused silica =167 nm, L sapphire =632 nm), which parameter can be partially interpret the difference. Beside the thermal parameters, the optical and mechanical properties difference also can contribute to the different results obtained.
The third tested bulk material was the glass, which is not transparent in the UV, which property makes it unsuitable target for TWIN-LIBWE technique. For this reason gratings were fabricated only by femtosecond laser ablation. The quality of glass surface relief grating is rather poor (Fig. 5) : the grooves are bended and become irregular, which refer melting and thermal processes could take place during ablation. This effect is similar to previously observed phenomenon in the case of TWIN-LIBWE of fused silica applying high laser fluence and/or high pulse number (see Fig 2. in ref [27] ).
Thin film targets
Generally, the optimal laser parameter set for high quality grating fabrication into transparent films by TWIN-LIBWE is significantly narrower than in case of bulk targets. The optimal fluence is just above the etching threshold (opposite to the relative wide fluence range for bulk fused silica: 285-600 mJ/cm 2 ), while the pulse number have to be below 10 [26] . The detailed interpretation of the following result is difficult, since we do not know the real properties of the films (compactness of films (and therefore the real thermal and mechanical properties), the adhesion to the fused silica substrate etc.).
One of the most promising structured dielectric materials for biosensing applications is the Al 2 O 3 film [26] . Two different films were processed with different thickness, which were 300 and 1000 nm, respectively. High quality gratings were produced by TWIN-LIBWE, as it can be seen in AFM images in Fig. 6a and 7a . Using this method fluence above >300 mJ/cm 2 resulted cracks on the irradiated surface. In case of ultrashort ablation of thinner Al 2 O 3 film, the quality is much lower than using TWIN-LIBWE, debris can be observed in AFM image (Fig. 6b) , however the modulation depth is higher than in indirect etching case (20 nm vs. 100 nm). If the number of applied ultrashort pulses more than two, the film completely peels off from the fused silica surface, independently from the film thickness. In contrast with the results achieved on the thinner Al 2 O 3 film, high quality structures can be produced in the thicker film by ultrashort pulses (Fig. 7b) : the quality and the a modulation depth are similar to the indirect etching case (Fig. 7a) .
Although the grating quality fabricated in Y 2 O 3 film (thickness: 200 nm) by TWIN-LIBWE is acceptable for sensoric applications (Fig. 8a) [26] , however the ultrashort ablation of this film is not suitable to produce usable grating structure: one pulse is insufficient for any observable modification or etching, but two pulses partially removed the film (Fig. 8b) . Only the surrounding area of peeled off film was grooved: the diameter of the structured area is only a few periods wide, which is not sufficient for applications. In Fig. 8b the left side of AFM image the slightly grooved fused silica substrate can be seen; in the center part a few period wide grooved area can be observed, while on the right side contains intrinsically unetched Y 2 O 3 film. We conclude that the ultrashort ablation cannot be applied for grating fabrication, while TWIN-LIBWE is applicable for microstructuring of Y 2 O 3 film.
HfO 2 film is widely used in multilayer coatings of optical materials. In the case of TWIN-LIBWE the partially peeled off structured areas are inevitable phenomena in spite of trying all relevant laser parameter sets (Fig. 9a) . The complete removal of film is also observed above 2 pulses in case of ablation. The presented AFM image shows small swelled grooves (Fig. 9b) , which refer to incubation effect. But the further pulse(s) completely remove the film, instead of its structuring. Unfortunately, none of the presented methods can be structured the HfO 2 film.
Our final experiments were the grating fabrication in ZrO 2 film (thickness: 160 nm). The TWIN-LIBWE resulted in debris deposition on the grooved surface, and the grooves are rather irregular (Fig. 10a) . In contrast, the application of ultrashort laser-based twobeam interference arrangement resulted in high quality grating structures in ZrO 2 films (Fig. 10b ).
Summary and conclusion
After the fabrication of some hundred grooved spots with both setups, we have rather certain impressions about the main advantages and difficulties of the two experimental arrangements. The most important parameters are summarized in Table 1 . The final question is obvious: which studied technique is the best method for microstructuring of UV transparent dielectric. According to our results, the answer is not evident: it depends on the aims (e.g. grooved area, required resolution, etc.), on the material, which have to structure, and on the possibilities, infrastructure of the laboratory (available laser, chemicals etc.).
